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ABSTRACT 

We use Subaru Suprime-Cam and VLT FORSl photometry of the dwarf galaxy 
DDO210 to study the global stellar content and structural properties of a transition- 
type galaxy (with properties intermediate between dwarf irregular and dwarf 
spheroidal systems). This galaxy is sufficiently isolated that tidal interactions are not 
likely to have affected its evolution in any way. The colour-magnitude diagrams of 
DDO210 show a red giant branch (RGB) population (with an RGB bump), a bright 
asymptotic giant branch population, a red clump, young main sequence stars and 
blue-loop stars. The youngest stars formed within the last 60Myrs and have a dis- 
tinct radial distribution compared to the main population. Whereas the overall stellar 
spatial distribution and HI spatial distribution are concentric, the young stars are 
offset from the center of DDO210 and are coincident with a 'dent' in the HI distribu- 
tion. The implied recent star formation rate required to form the young population is 
significantly higher than the derived current star formation rate, by a factor of > 10. 

Most of the stars in DDO210 are found in a red clump, and its mean /-band mag- 
nitude suggests that the majority of stars in DDO210 have an average age of Atl Gyr. 
Given this age, the colour of the RGB implies a mean metallicity of [Fe/H] ~ —1.3. 
By comparing the shape of the red clump with models for a variety of star forma- 
tion histories, we estimate that an old (> 10 Gyr) stellar population can contribute 
20 — 30% of the stars in DDO210 at most. The unusual star formation history of 
DDO210, its low mass estimate and its isolated nature, provide insight into how star 
formation proceeds in the lowest mass, unperturbed, dwarf galaxy haloes. 

Key words: galaxies: dwarf — galaxies: individual (DDO210/Aquarius) — Local 
Group — galaxies: stellar content — galaxies: structure 



1 INTRODUCTION 

The stellar, chemical and structural evolution of dwarf 
galaxies is believed to depend strongly on environment. In 
the Local Group, dwarf spheroidal (dSph) galaxies are pref- 
erentially found as satellites to M31 and the Milky Way 
(MW), whereas dwarf irregular (dirr) galaxies arc prcfcren- 
tia lly found in isolated locations. Thi s was first highlighted 
bv lEinasto et all lll974) (see also Ivan den Berghlll9990 . and 
implies that the presence of a nearby large galaxy causes 
morphological changes in its satellites, primarily via the loss 
of gas by a combination of tidal stirring and ram-pressure 
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stripping jMaver et al.1 l2001allbt ICrebel et ai]l2003ll . Tidal 
effects from the large galaxies may also be responsible for 
star formation episodes in their satellites, by triggering com- 
pression of their gas. However, the orbital properties of the 
MW satellites are difficult to determine, and so correlations 
between star formation histories (SFHs) and orbital phase 
have yet to be robustly demonstrated. 

The stellar evolution of dwarf galaxies is also interesting 
from a cosmological viewpoint, in particular regarding the 
missing satellites problem. A long standing problem faced 
by theories of galaxy formation in the cold dark matter 
paradigm is that purely gravitational simulations predict 
that there should be around an order of magnitude more 
dwarf galaxies i n the Local G roup, part icularly around the 
MW and M31 iKauffmann et al. 199.4 iKlvoin et alJll99<il : 
iMoore et al.lll999^ . As recent results are demonstrating, it 
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appears as if there are numerous low surfa ce brightness 
dwarf galaxies which have yet to be discovere d l|Zucker et al, 
2004, 2006b a; Willman et al. '2005'; see also I Willman et alJ 
2006; Bclokurov et al. 2006} although it is unclear if these 
discoveries will increase the observed number by the re- 
quired order of magnitude. One potential solution to this 
difficulty is that not all dwarf galaxy-scale dark matter 
haloes can accrete and retain gas to form stars, and in- 
stead reionisation can prevent certain haloes from forming 
a lum inous component llBulloc k et "311120001 iKravtsov et alJ 
| 2004l: iRicotti fc G nedin '20051 iGnedin fc Kravtsovl l200el) 
ISu^ai^^nBmuraf ( 2004') show that star formation is sup- 
pressed significantly by the effects of reionisation, but that 
sufficiently massive dwarf galaxies are able to form stars 
eventually because the baryons are self-shielded. 

Even in these cosmological scenarios, the influence of 
tidal effects from the MW and M31 can play important 
roles in determining the evolution of a dwarf galaxy. In- 
deed, tidal effects present one of the greatest uncertain- 
ties in our interpretation of dwarf galaxy evolution, and it 
is therefore of considerable interest to study dwarf galax- 
ies unaffected by the presence of an external tidal field. 
DDO210 (20'' 46™ 51.8% -12° 50' 53") is one of the most 
isolated galaxies in the Local Group. It was discovered 
at the limits of detectab ility on the Palomar Sky Survey 
by "van den Bcrgh ("1959"), in the constellation of Aquar- 
ius. Fislier_&: Tullv ( 1975) detected it in HI 21cm emis- 
sion, and later assigned it an arbitrary distance modulus of 
(m — M) = 25 mags, based upon some general similarities to 
the Local Group galaxy WLM. For a long time DDO2 10 re- 
mained very poorly studied, and Ma rconi et all il990f) were 
the first to resolve its individual stars, to a limiting magni- 
tude oiV = 23.5 mags. 

Despite the lack of any distance measurement, DDO210 
was considered to be a m ember of the Local Group from 
soon after its discovery ( ep^.h^^il e^l. 1977: van den Be rghl 
Il979l:lde Vaucouleurs et al.ll983l) . lG'reggio et al... 11993,1 were 
the first to estimate an independent distance to this galaxy, 
(m — M) ~ 28 mags (d ~ 4.3 Mpc), placing it well beyond 
the zero velocity surface of the Loc al Group. Howeve r, more 
recent distance me a surern ents by iLee et alJ (ll999^ (L99), 
iKarachentsev et al.l ^2002^ (K02) and iMcConnachie et"al] 
1I2OO5IW MO5). all of w hich are based u pon the tip of the red 
giant branch rTRGB: lLee et al.lll993) . show that DDO210 
is, in fact, located at 1 Mpc from the Milky Way (MW), 
on the periphery of the Local Group. This places DDO210 
at slightly over 1 Mpc from M31. The free-fall timescale of 
DDO210 into M31 or the MW is 

*//^14.4Gyr(^)' (,5^)"' , (1) 

ie. of order a Hubble time. It is clearly not, and never has 
been, a satellite of either of the dominant members of the 
Loc al Group. 

iMated 1)1998^ classifies DDO210 as a transition-type 
galaxy, with properties intermediate to those which are usu- 
ally ascribed to dSph and dirr galaxies. Its magnitude is 
Mv — —10.6 mags (L99), making it the faintest dwarf galaxy 
in the Local Group with a significant gaseous component. 
Despite the presence of this gas, an Ha study of this galaxy 
ivan Zee et alJlT997^ shows that there is no current star for- 
mation. This is rather unusual, given that L99 show that 



this galaxy contains a significant number of young stars, 
and that the central portion of this galaxy has undergone a 
recent enhancement in its star formation rate (SFR) in the 
last few hundred Myrs. 

iBeeum fc Chengaluil ll2004ll conducted deep, high ve- 
locity resolution HI 21cm observations of DDO210 with the 
Giant Meterwave Radio Telescope. They find that the veloc- 
ity field of this galaxy is quite regular, and has a corrected 
peak rotation velocity of ~ 16kms~^. When incorporated 
into mass models of DDO210, this implies a total dynamical 
mass of order 10^~* M©, comparable to many of the dwarf 
satellites of M31 and the MW. Since DDO210 is so isolated, 
it offers an excellent opportunity to study the stellar evo- 
lution of a dwarf galaxy in the absence of any significant 
external tidal fields. 

In this paper, we analyse deep, global, multi-colour pho- 
tometry of DDO210, obtained with Subaru Suprime-Cam 
and VLT FORSl. We analyse the stellar content, structural 
properties and SFH of this galaxy, and show that it is dom- 
inated by an intermediate age stellar population with an 
average age of ~ 4 Gyr. In Section 2, we discuss our Sub- 
aru Suprime-Cam and VLT FORSl photometric datasets 
and the data-reduction procedure. In Section 3, we present 
deep, global, CMDs of the stellar populations of DDO210, 
and use these to derive the properties of its multiple stellar 
populations. We compare the CMDs with synthetic mod- 
els of various SFHs and use this to estimate the possible 
contribution from an ancient (> 10 Gyr) stellar component. 
In Section 4, we analyse the global structure of DDO210, 
in terms of its integrated properties and the radial profiles 
of the various stellar populations, and we compare these to 
the global distribution of HI from previous V ery Large Array 
(VLA) observations bv I Young et alJ ll2003l) . We discuss the 
nature of DDO210 in light of these new results in Section 
5, and we summarise our findings in Section 6. We assume 
an extinction value t owards DDO210 oi E{B -V) = 0.052 
JSchlegel et al.lll998D . 



2 THE PHOTOMETRIC DATASETS 
2.1 Subaru Suprime-Cam 

During the nights of - 5"" August 2005, we observed with 
the 34 arcmins x 27 arcmins Suprime-Cam wide field camera 
on the Subaru Telescope obtaining Johnson - Cousins V 
and Jc-band imaging of several Local Group dwarf galaxies 
which are not satellites of the Milky Way (see McConnachie, 
Arimoto & Irwin 2006, m preparation). Conditions were uni- 
formly excellent, being photometric throughout and with 
typical seeing of 0.5 arcsecs. For DDO210, we exposed for a 
total of 4320 seconds in V and 7200 seconds in /c, split as 
12 X 360 seconds and 30 x 240 seconds dithered sub-exposures 
respectively. The telescope was typically offset ^ 20 arcsecs 
between sub-exposures. Although the l/-band DDO210 ob- 
servations were taken at relatively high airmass (1.5 — 2.2), 
the final stacked images still have sub-arcsec seeing, averag- 
ing 0.82 arcsec over the whole array. For the Jc-band images, 
mostly taken at lower airmass, the seeing in the stacked 
image averages 0.51 arcsec. The reader is referred to Mc- 
Connachie, Arimoto & Irwin (2006) in preparation for de- 
tails of the data reduction process. 
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Figure 1. The V- and /c-band Suprimc-Cam fields, centered on DDO210. Each field measures 34arcmins x27arcmins. North is to the 
top, and east is to the left. 



We cross-correlate the Suprime-Cam photometry with 
our earlier multi-colour Isaac Newton Telescope Wide Field 
Camera photometry of DDO210 (M05), for which we know 
the colour transformations into the Landolt system^. This 
ensures our new photometry is on the same systems as our 
previous photometry. By only considering those objects re- 
liably identified as stellar in all four sets of observations, we 
find 



E. Tolstoy). These filters were chosen to match the wave- 
length range in which the instrument is most sensitive and 
prelimin ary results from thes e observations have been pre- 
sented in lTolstov et alJ l)200rfl . The data were originally re- 
duced using standard procedures, and the stacked B and R- 
band images were subsequently processed in the same way 
as the Subaru data. This produced B and -R-band detected 
objects and a combined B, R catalogue. 



V = V' + 0.030 (V - /) 

/ = Jc - 0.088 (V' - /) , (2) 

where we now use V' to denote the original Subaru V filter. 
The transformations are small, and we apply these colour 
equations to our Suprime-Cam data. 

We have compared our VI photometry to the photome- 
try of L99, for bright stars with V < 22 over their entire field. 
Based upon tight spatial coincidence, we confidently identify 
26 common stars, which have a mean AV = 0.038 (our pho- 
tometry minus L99 photometry) . This is small in comparison 
to the various sources of error; for example, the calibration 
error in the photometry of L99 is given as 0.04 — 0.05 mags, 
and the uncertainty in the zero-point of our photometry is 
typically ~ 0.02 mags. Thus we conclude that our photom- 
etry is in good agreement with L99, which has i tself been 
shown to a gree well with the earlier studies of lGreggio et alJ 
Jl993h and lHopp fc Schulte-Ladbeckl il995h . 



2.2 VLT FORSl 

We have also included in our analysis deep B and i?-band 
imaging of the center of DDO210 taken during excellent sta- 
ble photometric conditions in August 1999 with the newly 
commissioned FORSl instrument on UTl at the VLT (P.I. 



http:/ /www. ast.cam.ac.uk/ wfcsur/technical/photom/colours 



3 THE STELLAR POPULATIONS OF DDO210 

Figures H and El show the V vs {V - I) and J vs (V' - I) 
CMDs for DDO210, respectively, constructed from the in- 
nermost 4arcmins x4arcmins of our Suprime-Cam field. 
Also shown are the corresponding CMDs for a reference area, 
which lies outside the innermost 7.5 arcmins x7.5 arcmins of 
the Suprime-Cam field, beyond the limits of DDO210. Fig- 
ure H shows the B vs{B- R) CMD fi-om the FORSl field. 
DDO210 is an intrinsically very faint system, and the CMDs 
are correspondingly rather sparse. However, several differ- 
ent stellar populations can be identified in these diagrams, 
namely: 

(i) a Galactic foreground sequence. At the brightest mag- 
nitudes this has a colour of {V — I) ~ 0.7, becoming red- 
der at fainter magnitudes. This feature is unassociated with 
DDO210; 

(ii) a relatively thin RGB, starting at J ~ 21 mags, with 
a colour of (V — /) ~ 1.1 mags at V ~ 25, and {V — I) ~ 
1.4 mags at y ~ 23; 

(iii) a red clump of stars, most clearly visible at _B ~ 
25.8 mags and (B — i?) ~ 1.2 mags; 

(iv) bright main sequence stars, at V > 23 mags and 
(V - /) ~ -0.2 mags; 

(v) bright blue loop stars, at > 21 mags and (V — J) ~ 
0.2 mags. 

In this section, we analyse each of these stellar evolu- 
tionary phases in turn, to determine what they are able to 
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Figure 2. V versus {V — I) CMD for the reference area (top) and 
for DDO210 (bottom), from our Subaru Suprime-Cam imaging. 
The reference area is located outside of the innermost 7.5 arcmins 
x7.5arcmins of the Suprime-Cam field, and the DDO210 CMD 
consists of those stars in the innermost 4 arcmins X 4 arcmins. 
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Figure 3. / versus {V — I) CMD for the reference area (top) and 
for DDO210 (bottom), from our Subaru Suprime-Cam imaging. 
The reference area is located outside of the innermost 7.5 arcmins 
X 7.5 arcmins of the Suprime-Cam field, and the DDO210 CMD 
consists of those stars in the innermost 4 arcmins X 4 arcmins. 



reveal about the SFH of DDO210, in particular regarding the 
ages and metallicities of the populations present. In order to 
do this successfully, we first revisit the distance estimate to 
this galaxy. 

3.1 The distance to DDO210 revisited 

Recent distance estimates to DDO210 have all made use of 
the TRGB. Physically, this is the point at which low mass 
RGB stars undergo the core Helium flash, which begins their 
core Helium burning phase and takes them off the RGB. For 
metal-poor ([Fe/H]< —0.5), old (> 2Gyr) stellar popula- 
tions, the J-band magnitude of t his point has been shown 
to be a good standard candle (eg. iDa Costa &i Armandrofj 
ll990l:lLee et al.ll993l : lBarker et al J2004) . and is marked bv a 
discontinuity in the /-band luminosity function. This discon- 
tinuity can be found us ing a variety of methods, such as edg e 
detection algorithms liLee et alJ Il993l: ISakai et all Il99d) 
or maximum likelihood techniques iMendez et alJ 120021: 
iMcConnachie et alJliooi) . The reliability of these methods 
is greatly increased when used on a well-populated RGB. As 
noted by M05, this is not the case for DDO210. These au- 
thors identify two possible locations for the TRGB, favour- 
ing their fainter measurement at I — 21.21 ± 0.04 mags. 
L99 and K02 derive a different value for the TRGB, at 
I = 20.95 ± 0.10 mags and 20.91 ± 0.05 mags, respectively. 



This is closer to the second location identified by M05 as the 
possible TRGB of DDO210, at / - 20.8 mags. 

Although all of the above measurements place DDO210 
at ~ 1 Mpc, the significant disagreement between M05 and 
LOO + K02 warrants further investigation. To this end, 
we examine how the TRGB region of the 7-band GMD of 
DDO210, from our Suprime-Cam data, varies as we apply 
different spatial cuts. We expect that the derived value of 
the TRGB should remain relatively constant regardless of 
the spatial cuts applied so long as the dominant population 
belongs to DDO210, with the caveat that cuts which contain 
fewer stars will be more strongly affected by small number 
statistics. The left panel of Figurej^shows an enlargement of 
the /—band CMD from Figure |21 around the location of the 
TRGB. The dashed lines approximately bracket the RGB lo- 
cus. The arrows indicate the values of the TRGB as derived 
by K02 (top), L99 (middle) and M05 (bottom). The middle 
panel shows the same region of the CMD using only stars 
within the innermost 4 arcmins x 4 arcmins of the Suprime- 
Cam field, and the right panel is the same but using stars 
within the innermost 2 arcmins x 2 arcmins. This figure il- 
lustrates well the difficulty in determining the location of 
the TRGB for an intrinsically faint system with few bright 
RGB stars. 

Figure 13 shows that the grouping of stars which de- 
fines the L99 and K02 TRGB location has completely dis- 
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Figure 5. 7— band CMDs of DDO210 in the region of the TRGB, using different spatial cuts on our Suprime-Cam data. Left paneh 
only stars located within the central 4arcmins x4arcmins of DDO210; middle panel: only stars located within the central 2arcmins 
x2arcmins; right panel: only stars located within the central 1 arcmins xlarcmins. The arrows indicate the location of the TRGB as 
derived by Karachentsev et al. (2002) (top), Lee et al. (1999) (middle), and McConnachie et al. (2005) (bottom). The feature identified 
by the former two authors as the TRGB disappears under the more stringent spatial cuts. It is possible that this population represents 
a weak upper AGB population. 
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Figure 4. B versus {B - R) CMD for DDO210, from our VLT 
FORSl imaging. The highlighted stars have 1.3 < (V - I) < 
1.7 and 20.80 < I < 21.21, and represent the grouping of stars 
identified by L99 and K02 as marking the TRGB (Section 3.1, 
3.2). However, the tight grouping of most of these stars in this 
figure slightly to red of the RGB suggest that it is far more likely 
that these stars represent an evolved AGB population in DDO210. 



appeared in the smallest field, and is very weak in tlie mid- 
dle field. In contrast, tlie location identified by M05 is clear 
for all of tlie spatial cuts used, and the RGB is relatively 
evenly populated below this point in each field. Even for a 
small number of stars, we expect that the RGB luminos- 



ity function will be representatively sampled over its full 
magnitude range. It seems most likely, therefore, that the 
measurement by M05 provides the most robust estimate of 
the TRGB of this galaxy, and implies a distance modulus of 
(m - M)^ = 25.15 ± 0.08 mags (d = 1071 ± 39 kpc). If this 
is the case, however, then the grouping of stars identified by 
K02 and L99 as the brightest RGB stars cannot belong to 
this population. 

We investigate whether the stars immediately brighter 
than the TRGB are foreground stars by examining their 
number density. Using a colour cut of 1.3 < (V — J) < 1.7 
and 20.80 < I < 21.21 to isolate these stars, we find that 
there are 25±5, 17±4 and 5±2 in the 8 arcmins x8 arcmins, 
4 arcmins x 4 arcmins and 2 arcmins x 2 arcmins fields, re- 
spectively. The uncertainties are Poisson errors. In compari- 
son, a representative foreground field offset 10 arcmins from 
the center of DDO210 has 5±2, 2±1 and stars, respectively, 
which satisfy these colour cuts. Thus the number density of 
these stars in our DDO210 fields is too large to be explained 
by a foreground population alone. 

We believe it likely that these stars represent bright, 
intermediate-age, upper asymptotic giant branch (AGB) 
stars. The stars occupy the correct locus in the /-band CMD 
to belong to this population, and the corresponding posi- 
tions of these stars (satisfying the same colour cuts as be- 
fore) in the FORSl data are highlighted in Figure 2] The 
majority of these stars are tightly grouped slightly to the 
red and brighter than the RGB, again suggesting that they 
belong to an evolved AGB population. We show in the next 
section that this is consistent with the average age of the 
stellar population. We also note that, although the overall 
number of these stars is smallest in the smallest field in Fig- 
ure 8, this is probably due only to the reduced area. The 
spatial distribution of these stars is shown in Figure 12, as 
open star-symbols overlaid on the grayscale stellar density 
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map. They are loosely concentrated in the main body of 
DDO210, and broadly follow a similar distribution to the 
overall stellar population. 



3.2 The candidate asymptotic giant branch 
population 

In the metal-poor Galactic globular clusters, which consist 
nearly exclusively of old stellar populations, no stars are 
observed brighter than the TRGB with colours similar to 
the RGB. This is because the AGE population terminates 
at a magnitude comparable to, or less than, the TRGB. In 
younger stellar populations, the envelope mass of AGB stars 
is larger and so they have the ability to evolve to brighter 
luminosities, and can exceed the luminosity of the TRGB. 
Thus, the presence of stars at luminosities brighter than the 
TRGB, with colours similar to the RGB, is usually inter- 
preted as evidence for the existence of an intermediate-age 
population. 

The brightest of the candidate AGB stars in DDO210 
identified in Section 3.1 has a magnitude of 7 = 20.93 mags 
and a colour of {V — I) = 1.49 mags. Correcting for ex- 
tinction and the distance to DDO210, this corresponds to 
an absolute magnitude of Mi = —4.32 mags and a colour 
of {V — I)^ = 1.42 mags. U sing the VI bolometric correc- 
tion derived bv lDa Costa fc ArmandrofI ( 1990), we find that 
Mijoi ~ —4.86 mags for the brightest candidate AGB star. 
This number should be considered an upper limit, due to 
the difficulties in distinguishing between an evolved AGB 
star and a foreground star with a similar colour and mag- 
nitude. A lower limit on the luminosity can be obtained by 
using the magnitude of the TRGB; adopting the same colour 
as before, we find Mboi = —4.58 mags. We therefore adopt 

Mboi — —4.6 4.9 mags for the brightest candidate AGB 

stars in DDO210. 

A recent paper by iReikuba et al.l (|200^ has a very 
useful comparison between the Mboi of the brightest AGB 
star in a selection of dwarf galaxies with the time since 
the period of star formation which produced the star. 
iMould fc AaronsonI il979l Il980l) were the first to make use 
of such a relation, made possible by the monotonically de- 
creasing luminosity of AGB stars with ag e, and this has more 
recent ly been theoretically quantified bv lStephens fc FroeeJ 
l|2002h . By comparing DDO210 with those galaxies listed 
in Rejkuba et al.'s Table 7, we find that the magnitude of 
the brightest AGB stars are very similar to those in Ca- 
rina and Andromeda II. For Ca rina, the last period of sta r 
formation was some 3Gyr ago llHurlev-Keller et al.lll99^ . 
Figure 19 of Rejkuba et al. makes explicit their empirical 
relation between the bolometric luminosity of the bright- 
est AGB star and the age of the star. Comparison of our 
data to this figure reveals that the bolometric magnitude of 
the brightest candidate AGB stars in DD021Q imply ages 
of between 3 — 6 Gyr. These numbers should be interpreted 
with care, as our analysis is based on very few stars and 
we are unable to distinguish between actual AGB stars and 
foreground. Nevertheless, these numbers suggest that star 
formation was ongoing in DDO210 in the last 3 — 6 Gyr. 
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Figure 6. V versus {V - I) CMD for DDO210, from our Sub- 
aru Suprime-Cam imaging, with Padova isochrones (Girardi et al. 
2002) overlaid. These isochrones correspond to [Fe/H] = —1.3 and 
ages of 60, 100, 180, 250, 350 and 560 Myrs. The locus of main se- 
quence stars (with V < 22.8 mags, {V — I) ~ —0.2 mags) and the 
locus of core Helium burning blue loop stars (with V < 20 mags, 
(V — I) ~ 0.2 mags) are indicated. 



3.3 The main sequence and blue loop: evidence of 
recent star formation 

The presence of a main sequence population and blue- 
loop stars at (l^ - 7) < in the CMD of DDO210 re- 
veals the presence of stars which are significantly younger 
than those represented by the evolved AGB stars. Figure]^ 
is th e V YS (V — I ) sho wn in Figure |21 with isochrones 
from ICirardi et al.l (2002) overlaid. We have shifted these 
isochrones to the distance and reddening of DDO210. These 
isochrones correspond to a metallicity of [Fe/H] — —1.3 (Sec- 
tion 3.5) and ages of 60, 100, 180, 250, 350 and 550 Myrs. 
The magnitude of the brightest main sequence and blue loop 
stars depends primarily on age, and is relatively independent 
of metallicity. They can, therefore, be used as a crude age 
indicator. 

The dashed line in Figure |S| marks the approximate lo- 
cus of blue loop stars as defined by the isochrones, and it 
is clear that they trace the blue loop stars in DDO210 very 
well. The corresponding expected locus of red supergiants is, 
unfortunately, obscured by the presence of foreground stars 
with the same colours. The main sequences of the isochrones 
match the main sequence population of DDO210 with no- 
table success. There are a few main sequence stars which 
are too blue to match the positions of the isochrones, and it 
is very possible that a younger isochrone (~ 30 Myrs) is re- 
quired to match this population. This is what L99 assumed 
which led them to conclude that there were stars as young as 
30 Myrs in DDO210. Given the various uncertainties which 
go into modelling stellar populations which inevitably pro- 
duce variations between different isochrone sets, and pho- 
tometric errors, we prefer to conclude that this comparison 
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Figure 7. {V — I)^ vs {B — R)^ for all stars reliably identified in 
all four filters and with uncertainties of < 0.05. The dashed line 
is the best-fit linear relationship of {V — I)^ = 0.652 (£? — R)o- 



shows that DDO210 has stars which formed within the last 
60 Myrs. As noted in the introduction, this is rather unusual 
given that star forma tion in DDO210 is n ow observed to be 
completely dormant l)van Zee et alJflQQTf) . 

3.4 The red clump, and limits on an old 
population 

3.4-1 The magnitude and colour of the red clump 

The most populated region of the CMDs shown in Figures|5| 
13 and 01 is the red clump, which stands out most clearly in 
Figure^] Defining the locus of the red clump as 25.45 < B < 
26.15 mags, 1 < {B — R) < 1.5 mags, we find that ~ i of all 
stars detected in the FORSl field belong to this feature. The 
red clump is a composite feature in a CMD, of which the 
large majority of stars are metal rich, massive, core Helium 
burning stars. These are indicative of an intermediate-age 
population (2 - lOGyr). RGB stars and red HB stars can 
also contribute to this feature. 

A large amount of theoretical modelling of the red 
clump has be en conducted in recent years (eg. IColelll998l: 
iGirardi et ai] 1998; Girar di fc Salaria .200lh . motivated by 
claims that the moan magnitu de of the red clump can 
be used as a stand ard candle jPaczvnski fc Stanekl 11993: 
lUdalski et al]ll998l) . This has resulted in a relatively good 
understanding of the behaviour of the luminosity and colour 
of the red clump on the age and meta l licity of the popula- 
tion. In particular, iGirardi fc Salari3 ||200J) calculate the 
mean /-band magnitude of the red clump, M/"^, as a func- 
tion of age and metallicity. The form of this dependency is 
given in their Equation 3, and is an integral over a func- 
tion of the initial mass function. It transpires that Mp'^' is 
mostly dependent upon age, whereas the colour of the red 
clump, {V — , is mostly dependent on metallicity. We 
can therefore use the properties of the red clump to put 
limits on the SFH of DDO210. 

The models of IGirardi fc Safaris! i200 j) are formulated 
in the V and / filters. As it stands, the Suprime-Cam Ic 
data easily reaches to below the red clump, while the V'- 
band exposure is barely deep enough to fully sample this 
feature. This therefore leads to some difficulty in accurately 
determining M/**^ and (V — I)^^ using this single dataset. 
The FORSl data, on the other hand, is deep enough to fully 
sample the red clump. In order to push the l/'-band data 



deep enough in order to compare the red clump properties 
to these models, we incorporate our deep FORSl BR pho- 
tometry into our Suprime-Cam data. To do this, we cross 
correlate the two datasets and identify those stars which are 
reliably detected in all four filters, and which have small er- 
rors in their photometry (< 0.05 mags). We then calculate 
the linear transformation between {V — I)^ and {B — R)^, 
shown in Figure |7| and find 

(V- - /)„ = 0.652 {B - R)^ . (3) 
When combined with Equation |5| this gives 

Mv = Mi^ + 0.593 (B - R)^ 

Ml = 1.096M7^ - 0.097Mv . (4) 

We use these new transformations to calculate V and I mag- 
nitudes for those stars which are detected in the B, R and Ic 
fihers, but not V'. The new V ys {V - I) CMD derived in 
this way is shown in the left panel of Figure |3 and the red 
clump is now clearly visible and much better defined than 
m Figure 01 

Figure |H| shows the Mv and Mi luminosity functions 
for DDO210. The luminosity functions have not had a fore- 
ground correction applied, as for the purposes intended here 
this makes no practical difference since the red clump mas- 
sively outnumbers any foreground component with the same 
colours. We measure the mean magnitude of the red clump 
by fitting a Gaussian to the luminosity functions in the re- 
gion of the red clump, and taking the peak of the Gaus- 
sian as the mean magnitude of the clump. The resulting 
fits are shown as dot-dashed lines in Figure |H| We find that 
Mf^ = -0.51 iO.lOmags, M^^ = 0.27 ± 0.14 mags, and 
{y _ ^ Q -;7g _|_ Q Q5 rpj^g uncertainties in Mf^ and 

My^ include the uncertainty in the distance modulus of 
DDO210. 

Figure 1 of IGirardi fc SalarisI ll200lll shows the depen- 
dency of Mf ^ on age for a range of metallicities. By com- 
paring the value of Aff^ = -0.51 ± 0.10 mags for DDO210 
with this graph, we find that the red clump in DDO210 be- 
longs to a population with an average age equal to or younger 
than ~ 6 Gyr old (4^^ Gyr). For a given metallicity, there 
are as many as three solutions for AIp'^' . One of these solu- 
tions corresponds to a stellar population older than ~ 2 Gyr, 
while the remaining solutions correspond to populations 
younger than ~ 2 Gyr. The average metallicity of the dom- 
inant population, as implied by {V — = 0.78 ± 0.05, is 
—2.0 < [Fe/H] < —1.3, where the lower limit is least well 
constrained. 



3.4- S The shape of the red clump 

The magnitude of the red clump implies that the majority of 
stars in DDO210 belong to an intermediate-age population, 
and so far we have found no evidence of an old population 
in this galaxy. To try to better constrain the range of ages of 
stars present in DDO210, we now compare the shape of the 
red clump to model CMDs with a range of SFHs. We use 
the web-based synthetic CMD tool lAC-STAR^, developed 

^ http:/ /iac-star. iac.es/iac-star 
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Figure 8. Luminosity functions for My and Mj from the composite Suprime-Cam/FORSl data (see text), with a Gaussian fit to the 
region of the red clump overlaid as a dot-dashed line on each. The central value of the Gaussian is taken to be the mean magnitude of 
the red clump. The luminosity functions are not foreground corrected, but the very high stellar densities in the region of interest means 
that the presence of foreground stars do not affect our measurements of the mean magnitudes of the red clump. 
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Figure 9. Left panel: M/ vs {V — I)^ CMD using our composite Suprime-Cam/FORSl dataset. The red clump is now clearly visible. 
Right panel; Illustration of a partial SFH model generated with lAC-STAR (Aparicio & Gallart 2004), scaled for the same number of 
observed stars, and subsequently convolved with our error distribution. This CMD is for the stellar population which formed its stars at 
a constant rate between 3.5 — 4.5 Gyr ago, and which reproduces the mean magnitude of the red clump very well. 



bv lAparicio fc Gallarl] (|2004h . The user supplies the SFH, 
chemical enrichment law, initial mass function (IMF) and 
binary fraction (and mass ratio) for the stellar population 
they want to model, and has a choice of stellar evolution 
libraries and bolometric correction libraries which can be 
used. The program then does a Monte-Carlo simulation of 
the evolution of A'^ stars, with a distribution of properties 
chosen to be consistent with the user-supplied input, and 



outputs the luminosities of these stars at the present day in 
several filter systems. 

The modelling of CMDs is prone to many uncer- 
tainties and degeneracies, such as the evolutionary tracks 
used, effects of mass loss, binarity, age-metallicity de- 
generacies, the shape of the IMF, etc. Excellent exam- 
ples of this type of work and re views of these difficu l- 
ties can be fou n d in, a mong others. iTolstov fc Sahal Jl99d): 
lAparicio' et alJ lll997ri : iTolstov et al.l ^1998^ : iGallart et alJ 
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Figure 10. Top panels: Mj luminosity function for the red clump from our composite Suprime-Cam/FORSl data. The dot-dashed 
histograms represent a composite stellar population with a constant SFR between 1.5 — 3.5 Gyr and 4.5 — 6.5 Gyr. Other panels: Mj 
luminosity functions for red clumps generated with the lAC-STAR tool, convolved with our error distributions. Star formation in these 
models occurred at a constant rate for the periods indicated, with the metallicity held constant at the value which reproduces the colour 
of the RGB for those ages. The young - intermediate age red clumps have peak magnitudes consistent with the broad peak of the 
observed luminosity function. On the other hand, the older populations produce red clumps which are too faint in comparison to the 
data. If red clump stars of these ages are present in the data, they must be a minority population. No individual model reproduces the 
observed red clump luminosity function. 



Jl999bly):lAparicio et al]ll200lD : lAparicio fc GallartH2004l) : 
lGa^artetaL^i^200!^^ . These difficulties are especially prob- 
lematic when the data does not extend to beneath the main- 
sequence turn-offs (which offer the best handle on the age 
of the population). Therefore, we keep our analysis inten- 
tionally simple and use it only to emphasise that DDO210 
cannot contain a majority old population. A more sophis- 
ticated analysis is not warranted by the current data given 
the uncertainties involved. 

We use the iBertelli et al.l lll994) evolu tionary tracks 
and t he bolometric correction libraries of iLeieune et alJ 
Jl99i1) . We adopt a power law IMF, (j){M) oc M"'^, 
with an exponent of 2: = —1.35, —2.2 and —2.7 in 
the range M £ [0.1, 0.5], [0.5, 1] and [1,120], respec- 
tively. We ignore the effects of binary stars. We 
construct 10 different SFHs ('partial models'), corre- 
sponding to a constant SFR between [0,0. 5], [0.5, 1.5], 
[1.5,2.5], [2.5,3.5], [3.5,4.5], [4.5,5.5], [5.5,6.5], [6.5,7.5], [7.5,10] 
and [10,13] Gyr ago, with no star formation at all other 
times. For each interval, the metallicity (chemical enrich- 
ment law) is chosen to reproduce the colour of the RGB 
(Section 3.5). The magnitudes of the model stars are then 
convolved with the error distribution of our data to facilitate 
a comparison between the two. The left panel of Figure |5| 
shows a CMD of our composite Suprime-Cam/FORSl 



dataset. The right panel is an illustration of an lAC-STAR 
model, and shows the Monte-Carlo simulation of the 
3.5 — 4.5 Cyr stellar population, normalised to the same 
number of stars and convolved with our error distribution. 
We note that a bright (M/ < —4 mags), AGB population is 
produced by this model. This resembles the population of 
stars just brighter than the TRGB in our data which were 
discussed at length in Sections 3.1 and 3.2. 

The solid histograms in the top panels of Figure 1101 
shows the normalised Mi luminosity function for DDO210 
in the region of the red clump. The other 4 panels show the 
red clump luminosity function for 4 of our simulated partial 
SFHs. The youngest (1.5 — 2.5 Gyr) red clump peaks at a 
brighter magnitude than the data, although this young pop- 
ulation could contribute to the bright side of the DDO210 
red clump. Similarly, the 5.5 — 6.5 Gyr population could con- 
tribute to the faint side of the red clump. A single, 1 Gyr, 
period of star formation at intermediate ages does not pro- 
duce a red clump with the required magnitude dispersion 
to match the data. To illustrate this, the dot-dashed his- 
tograms overlaid on the top panels of Figure 1101 show the 
red clump luminosity function for a star formation history 
which is constant between 1.5 — 3.5 Gyr and 4.5 — 6.5 Gyr, 
and zero at all other times. This broader, composite SFH 
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reproduces both the magnitude and the shape of the red 
clump. 

Older stellar populations are shown in the remaining 
two panels of Figure 1101 The 7.5 — 10 Gyr red clump con- 
sists predominantly of stars fainter than are seen in the 
red clump of DDO210. For stars older than 10 Gyr, the re- 
gion of the CMD which contains the red clump contains 
a lot of HB stars. The luminosity function in this region 
is significantly fainter than the observed luminosity func- 
tion. It is clear that, if stars older than ~ 7 Gyr are found 
in DDO210, then their overall contribution to the stellar 
population of DDO210 must be << 50%. Otherwise, the 
morphology of the red clump in DDO210 would be notably 
different. We estimate that, if such a population exists, it 
probably contributes no more than ~ 20 — 30%. This esti- 
mate is unaffected by incompleteness, since the red clump 
is above our incompleteness limit. However, deeper photom- 
etry, which sample some of the older main sequence turn- 
offs in DDO210, would be of huge value in providing much 
stronger limits on the contribution of an ancient stellar pop- 
ulation in DDO210. 

3.5 The red giant branch and its bump 

The most prominent feature in the CMDs displayed in Fig- 
ures|5||3and0|is the RGB. This feature is only seen in stellar 
populations older than a few Gyr, and is an indicator of an 
intermediate and/or old population. It cannot be used as 
a more precise indicator than this without certain difficul- 
ties, because of the well known degeneracies of RGB colour 
with both age and metallicity (redder RGB stars may be 
older and/or more metal rich than bluer RGB stars). When 
analysing a CMD, the standard assumption which is used 
in the absence of other constraints is that the stellar pop- 
ulations which give rise to the RGB are as old as the MW 
globular clusters. In this case, the colour and colour disper- 
sion of the RGB are due to metallicity variations, and so an 
estimate of the metallicity may be made. This is usually ob- 
tained by a bilinear interpolation of the position of the RGB 
stars in colour - magnitude space between a set of globu- 
lar cluster fiducial tracks, isochrones or evolutionary tracks, 
and creating a me tallicity distribution function (MDF; eg. 
iDurrell et alJ2n0]ll . Alternatively, empirical calibrations be- 
tween RGB colour and metallicity exist wh ich can be easily 
applied (eg. lPa Costa fc ArmandroSllQQOh . 

L99 assume that DDO210 is as old as the MW glob- 
ular clusters, and derive a mean metallicity of [Fe/H] — 
— 1.9 ± 0.1, where the second term is the error in the 
mean metallicity, not the metallicity dispersion. Using our 
Suprime-Cam data, we construct a MDF for DDO210 by in- 
ter polating between the Vict oria - Regina set of isochrones 
bv IVandenBerg et alj (|200^ for a 13 Gyr stellar popula- 
tion, with BVRI colour-T eff relations as described by 
IVandenBerg fc ClemI i200^ . We use only those stars in the 
brightest 1.5 mags of the RGB, where the photometric er- 
rors are smallest and where the colour difference caused by 
metallicity variations is largest. We find that, under this as- 
sumption, the mean metallicity is [Fe/H] = —1.9, in agree- 
ment with L99. However, from Section 3.4, we know that 
the majority of stars in DDO210 do not belong to an old 
population, and that most of the stars have an average age 
of ~ 4 Gyr. We therefore repeat our analysis, but this time 



compare the RGB stars to isochrones which are 4 Gyr old. 
The resulting MDF can be seen in the right panel of Fig- 
ure llll The left panel shows a zoomed in view of the RGB of 
DDO210, with a few of the isochrones which are used over- 
laid. With this assumption about the age, we find DDO210 
has a mean metallicity of [Fe/H] = —1.3 ± 0.1, and a metal- 
licity dispersion of crpe/H] = 0.27 dex. The latter quantity is 
likely overestimated, however, since some of the colour vari- 
ation in the RGB will be due to the age spread which we 
know exists in DDO210 (Section 3.4.2). 

Finally, the RGB bump is clearly visible in the J-band 
luminosity function shown in Figure |H] at Mi ~ —1.2 mags. 
It is less obvious in the \/-band luminosity function, where 
its magnitude is closer to that of the red clump. However, 
from the CMD in Figure [U] its colour is {V — I) ~ 1, and 
so Mv — —0.2 mag s. The RGB b ump was first discovered 
in d warf galaxies bylMaiewski et a l. ( 1999) in Sculptor (see 
also lBellazzini et al. '^2001. 2005 : Monaco et all2002h . As the 
helium burning core of the RGB star increases in size, so too 
does the radius of the outer hydrogen-burning shell. The 
RGB bump represents the point at which this shell encoun- 
ters the chemical discontinuity left behind by the innermost 
penetration of the convective envelope. This causes a de- 
crease in luminosity while the hydrogen-burning shell adapts 
to this new environment, before the star continues its ascent 
of the RGB. The magnitude of the RGB bump and its de- 
pendence on age an d metallicity has been quantified for MW 
globular clusters bv lFerraro et al.l 1^9^. Using their Equa- 
tion 3, the RGB bump is expected at My = —0.27 for a 
population with an age of 4 Gyr and a metallicity of [Fe/H] 
= —1.3. This compares favorably to where we detect the 
bump in DDO210. To the best of our knowledge, this is the 
first time that the RGB bump has been observed in a dwarf 
galaxy beyond the MW satellite system. 



4 THE STRUCTURAL CHARACTERISTICS 
OF DDO210 

Our photometric datasets extend over a relatively large area 
of sky, and the Suprime-Cam data in particular is well suited 
to studying the global structural properties of DDO210, 
both in terms of the unresolved light and the resolved stel- 
lar components. For example, having shown that DDO210 
consists of composite stellar populations, a natural ques- 
tion to ask is how are these populations spatially distributed? 
In this section, we first derive some global parameters for 
DDO210 based upon both its resolved and unresolved com- 
ponents. We then study the distribution of the various stellar 
types in DDO210, and finally we compare its stellar struc- 
ture to its HI distri bution, based upon VLA observations by 
lYoung et al] ll2003D . 

4.1 The integrated structure 

Following the method of iMcConnachie fc IrwinI (l2006l) . we 

have directly estimated the central surface brightness and 
integrated luminosity of DDO210 from the integrated V' 
fiux distribution. From Equation |51 the colour correction to 
convert to Landolt V is significantly smaller than the final 
uncertainties in our measurements, and so we can treat our 
measurements as Landolt V. The object catalogues are used 
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Figure 11. Left panel: the upper RGB of DDO210. Victoria - Regina isoclirones by VandenBerg et al. (2005), with BVRI colour - 
Tf^f f relations as described by VandenBerg & Clem (2003), are overlaid. These tracks correspond to an age of 4Gyr and a metallicity of 
[Fe/H] = —2.3, —1.8, —1.4, —1.1 and —0.8. These are a few of the larger grid of isochrones which we use to construct the MDF. Right 
panel: MDF for DDO210, derived by interpolation of the colours and magnitudes of the RGB stars in DDO210 with the full grid of 
Victoria-Regina isochrones corresponding to the 4Gyr population. The mean metallicity found in this way is [Fe/H] = —1.3 it 0.1, with 
a dispersion of crp^/j]] = 0.27 dex. 



to define a bright foreground star component 1 magnitude 
above the TRGB, to allow for the presence of AGB stars. 
A circular aperture is excised around each foreground star 
and the flux within this aperture is set to the local sky level, 
interpolated from a whole-frame background map. The size 
of this aperture is the maximum of four times the catalogue- 
recorded area of the bright star at the detection isophote, 
or a diameter four times the derived FWHM seeing. Each 
frame is then re-binned on a 4 x 4 grid to effectively create 
0.8 arcsec pixels. The binned image is then further smoothed 
using a 2D Gaussian filter with a FWHM of 5 arcsecs. 

The result of this procedure is to produce a coarsely 
sampled smooth image containing both the resolved and un- 
resolved hght contribution from DDO210. The central sur- 
face brightness can then be measured by deriving the ra- 
dial profile, here defined as the median fiux value within el- 
liptical annuli. Finally, large elliptical apertures are placed 
over DDO210 and several comparison regions to estimate the 
background-corrected integrated flux from the dwarf and the 
reference regions. The variation in the flux from the multi- 
ple comparison measures gives a good indication of the flux 
error, which is, of course, dominated by systematic fluctu- 
ations rather than by random noise. This is a particular 
problem for DDO210 because of the numerous resolved blue 
stars we observe in this galaxy. To mitigate the effect of 
random residual foreground stellar halos and scattered fight 
from bright stars just outside the fleld of view, the elliptical 
apertures are chosen to correspond to the derived value of 
ri = l.larcmins (Section 4.2). The estimated total flux is 
then scaled to allow for this correction. The small angular 
size of DDO210 also allows us to measure the integrated 
flux by summing over the whole galaxy, which we can then 
compare with the value derived from within ri. 

2 

Using the flux within ri, we find that the total mag- 



nitude of DDO210 is V = 14.74 ± 0.10 mags, which im- 
plies Mv = —10.58 ± 0.13 mags. The total fiux obtained 
on integrating over the entire galaxy is, for comparison, 
V = 14.49 ±0.10 mags, implying My = -10.83 ± 0.13 mags. 
We believe that the discrepancy between these two values 
is a result of the fiux in V being centrally concentrated due 
to a central population of young stars (Section 4.2). The 
extinction-corrected central surface brightness of DDO210 
is fio = 23.6 ± 0.2 mags per sq. arcsec. These values confirm 
previous results showing that DDO210 is one of the faintest 
galaxies in the Local Group. 



4.2 The stellar structure 

Figure shows the V and /-band Suprime-Cam images of 
DDO210. Although the galaxy is clearly visible at the center 
of each field, it is hard to tell from these images how far out 
its stars extend. In order to probe to fainter surface bright- 
ness thresholds, therefore, we construct a contour plot of the 
resolved stars. This approach can probe several magnitudes 
fainter in surface brightness than studies based only on the 
unresolved light (typically fi > 31 mags per sq. arcsec"^). 

We construct our contour map fo llowin g the 
methodology of [ irwi njiHa tzidimitrioiJ ^1995^ and 
iMcConnachie fc IrwinI (|200^ Briefiy, we use all those 
objects which have been reliably classified as stellar in 
the I-band of the Suprime-Cam data, and which have 
Ic < 26 mags. We construct an image from this data by 
binning stars according to their position in a grid with 
a resolution of 12 ar csecs. We then apply a crowding 
correction to this grid ilrwin fc Trimbl3ll984^ ■ such that 

f ^.f(l + 2fA' + ^fA'\.}j . (5) 
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Figure 12. Top left panel: a contour map of the spatial distribution of all stellar sources in DDO210 which have Ic < 26 mags. Contour 
levels are set at 2, 5, 10, 15, 20, 30, 40, 50 and 60 cr above the background. Top right panel: HI contours for DDO210, from low resolution 
VLA observations by Young et al. (2003). Contour levels are set at 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 12.8 X 10^" atoms cm'^. The stellar 
distribution shown in the left panel is included as a linear grayscale. The solid stars represent the positions of candidate main sequence 
and blue loop satisfying / < 24.3 mags and (V — I) < 0.5, and the open stars represent the positions of candidate bright AGB stars, 
satisfying 1.3 < (V - /) < 1.7 and 20.80 < / < 21.21. Bottom panel: The /c-band Suprime-Cam image of DDO210, with HI contours 
overlaid. The scale, orientation and contour levels are the same as in the previous panels. 



where / is the observed number density of all detected im- 
ages (not just stellar), /' is the actual number density and 
A' is the typical area of the image. Adopting this correction 
increases the number density of stars in the very central re- 
gion by a factor of ^ 1.7, but has little effect outside the 
inner ~ 1 arcmin. 

The top left panel of Figure 1121 shows the contour 
map of the spatial distribution of the stellar sources in 
DDO210. A linear filter has been applied to this map to 
smooth out structures below a scale of 1.4 arcmins. The 
contour levels have been set at 2, 5, 10, 15, 20, 30, 40, 50 and 
60 a above the background. In order to estimate the back- 



ground level, we constructed a histogram of the intensity 
distribution of pixels located in the outer parts of the 
Suprime-Cam field. We then performed a sigma-clipped fit 
of a Gaussian to this distribution, finding that the back- 
ground stellar intensity is 32.57 ± 0.14 stars arcmin"^, and 
a — 7.71 ± 0.12 stars arcmin"^. 

DDO210 has a fairly regular overall stellar structure for 
a dwarf galaxy, with no obvious substructures or irregular 
shaped isophotes. Its position angle and ellipticity can be 
quantified as a function of isophot al threshold in an identi- 
cal way as in iMcConnachie fc Irw in (2006), making use of 
standard image-analysis routines to calculate these quanti- 
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Figure 13. Radial profiles of various stellar populations in 
DDO210: all stars (black circles), red clump (green squares), RGB 
stars (red triangles) and young stars (blue diamonds). See text 
for colour cuts used. The RGB stars and red clump stars follow 
a similar exponential profile to the overall population (dashed 
curve). The young stars, however, follow a different radial profile, 
represented here by a power-law (dot-dashed line) . Crowding may 
affect these profiles inside ~ O.Sarcmin. 



ties in a parameter-independent fashion. The position angle 
of DDO210, measured east from north, is 6* = 98°7 ± 1°0, 
where the uncertainty indicates the variation in this quantity 
for the different isophotal thresholds. Clearly, the variation 
is minimal and no trends, such as isophotal rotation, are ob- 
served. The ellipticity (e = 1 — fo/a), on the other hand, varies 
systematically as a function of radius in DDO210, such that 
the galaxy is more elongated at smaller radius (e ^ 0.6) and 
more circular at larger radius (e ~ 0.4). While this effect is 
not dramatic, it is sufficiently strong that it can be detected 
by eye in the top left panel of Figure WI\ 

The spatial distributions of the various stellar popula- 
tions identified earlier can also be investigated separately by 
applying colour cuts on the CMD to isolate the stars belong- 
ing to these features. In particular, we isolate the following 
populations; 

(i) RGB stars. These are defined as stellar objects with 
21.21 < / < 23.23 mags, / > -5.3 x {V - I) + 28.2, / < 
-5.3 X (F-I) -h29.8; 

(ii) red clump stars. These are defined as stellar objects 
with 24.3 < /c < 25.2 mags; 

(iii) main sequence and blue-loop stars. These are defined 
as stellar objects with I < 24.3 mags, {V — I) < 0.5 mags. 

Radial profiles are constructed for each of these popu- 
lations by counting the number of stars in elliptical annuli, 
centered on DDO210, with a fixed position angle of 9 = 98°7 
and a fixed ellipticity of e = 0.5. Using fixed values for these 
parameters ensures that the radial profile derived will be ro- 
bust and suitable for comparison to models. Crowding and 
background corrections are applied in a similar way as for 



the contour plot. Results are shown in Figure 1131 Green 
squares represent the red clump component, red triangles 
represent the RGB component, and blue diamonds repre- 
sent the young stellar component. Also shown as black cir- 
cles is the radial distribution of the overall stellar popula- 
tion, defined in the same way as for the contour plot. Error 
bars show the combined uncertainty of the Poisson error in 
the counts and the uncertainty in the background estimate. 
Each bin has a minimum signal-to-noise ratio of 10, with the 
exception of the young stellar profile. Here, the fewer stars 
available require us to use a lower signal-to-noise threshold 
of 2.5. The radial profiles stop at the point at which they 
level out, indicating that we can no longer trace the DDO210 
population. The inner ~ 0°8 of some of the profiles may be 
unreliable due to crowding effects, but the outer parts of the 
profile remain unaffected. 

The dashed curve in Figure IT^ is an exponential fit to 
the overall stellar population of DDO210, and has a scale- 
length of re = 0.66 ± 0.02 arcmins (half light radius, ri — 
1.1 ± 0.03 arcmins), corresponding to = 206±10pc at the 
distance of DDO210. Only points beyond 1 arcmin were used 
in the fit to avoid crowding issues. An exponential function 
with a similar scale length also matches the RGB and red 
clump radial profiles equally well {Xr educed = 1-8). This is 
unsurprising, given that most of the stars in DDO210 are 
red clump or RGB stars, and that it is probable that most 
of these stars arise in the same star formation episode. 

On the other hand, the youngest stars in DDO210 are 
not distributed in the same way as the older populations. 
The radial distribution of the main-sequence and blue-loop 
stars is better approximated by a power law (dot-dashed 
line), of index n = -3.0 ± 0.3 {xleduced = 1-5). Clearly, 
the recent star formation in this galaxy occurred in a spa- 
tially more concentrated region than the earlier epoch(s) of 
star formation. This difference in the radial profiles of the 
young and older stellar populations confirms and quantifies 
the suggestion by L99 that the central regions of DDO210 
have seen an enhancement in the SFR during the last few 
hundred Myrs. 

The radial profiles of the older stellar populations in 
DDO210 b ears some similarity to the radial profile of Leo A, 
derived by IVansevicius et all ||2004|) . These authors found 
that, beyond a radius of ~ 5.5 arcmins, the slope of the 
radial profile of Leo A changes and becomes shallower (their 
Figure 3) . They argued that this represented a detection of a 
halo component in Leo A. DDO210 is sufficiently faint that 
we are unable to trace the stellar component out to much 
beyond ~ 5 arcmins, to see if there is a similar change in 
slope for this galaxy. The distribution of younger stars in 
Leo A is also different to its older populations, but in Leo A 
the gaseous distribution is similar to the RGB stars. As we 
show in the next section, this is not the case for DDO210. 



4.3 The gaseous structure 

Given our findings in the previous section, it is interesting 
to explore the spatial distribution of the gas in DDO210, 
to see if and how this correlates with the stellar distribu- 
tion, especially the young stars. The HI content of DDO210 
ha s been relatively well- studied, starting with the survey 
by iFisher fc Tuff^ More recently, ILo et alJ (Il993fl 
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have measured the HI mass in DDO210 to be 3 X 10'^ Mq. 
lYoung et al.l (Eool) measure the radius to which the HI 
column density has dropped to 10^" atoms cm~^, and com- 
pare this to the radius of the 25 mags per sqarcsec stellar 
isophote. They find that the ratio of these HI to optical scale 
lengths is approximately 2:1, which is typical of dirr galax- 
ies. The peak column density of HI is likewise typical, at 
~ 1.3 X lO^'^ atoms cm~^. L. Young has kindly sent us her 
HI data for DDO210, and we have plotted the low-resolution 
data onto a grayscale image of the stellar distribution (linear 
scale) in the top right panel of Figure [T^ Also plotted as in- 
dividual points in this panel are the candidate main sequence 
and blue plume stars from our Suprime-Cam imaging. The 
bottom panel of Figure 1121 shows, on the same scale, the 
HI contours overlaid on the /-band Suprime-Cam image of 
DDO210. 

It is clear from Figure 1121 that the overall stellar and 
HI spatial morphologies of DDO210 are different, insofar 
as the HI distribution is predominantly spher ical, whereas 
the st ellar distribution is much more elliptical. lYoung et alJ 
(2003*) noted that DDO210 displayed a larg e scale veloc- 
ity gra dient, and later observations by Begu m fc Chengalurl 
i2004l) measured a rotation curve for the HI, which peaJis at 
~ 16 km s~^ . The kinematic major axis of the rotation shows 
significant warping, and its position angle changes substan- 
tially with radius. However, this variation generally follows 
the morphological position angle derived from fits to the 
HI distribution. At ~ 2 arcmins from the center of the HI 
distribution, the position angles of the kinematic and mor- 
phological HI axes are ~ 95°, which is in good agreement 
with the position angle we deri ve for the stellar distribu- 
tion. iBegum fc Chengalurl ll2004ll also derive an inclination 
for DDO210 of 27° ±7°, based upon the assumption that the 
actual shape of the HI is circular. Using a similar assump- 
tion, we find that the inclination of DDO210 from its stel- 
lar distribution varies between ~ 55° and ~ 65°, in agree- 
ment with L99 and significantly different to the HI value. 
Based on these numbers, we consider it unlikely that the 
majority of stars in DDO210 are distributed in a disk, and 
so the inclination we deriv e is unlikely to be meaningful. 
iBegum fc Chengalurl i2004h reach the same conclusion. We 
note that the fact that most of the stars are radially dis- 
tributed in an exponential profile is not evidence that the 
stars are distributed in a disk. Although exponential profiles 
match disks very well, our experience with dSph galaxies 
show s that these too are well descri b ed by exponential pro- 
files ilrwin fc Hatzjdirnitm^^ iMcConnachie fc IrwinI 
l2006l: see also iFaber fc Linlll983ir We also note that these 
findings do not prevent some stars in DDO210 from being 
distributed in a disk. 

lYoung et all ll2003D and iBegum fc ChengaluJ (|20oD 
both overlay their HI contours on optical images of DDO210 
and note that the optical component appears to be offset 
from the HI component. A comparison of the panels of Fig- 
ure^] reveals the cause of this apparent offset. The lower 
panel shows that the brightest optical emission and the HI 
contours are not centered on one another, whereas the top 
two panels show that the overall stellar and HI content of 
DDO210 are centered on one another. The reason for this 
disparity is that the young stellar component, to which the 
brightest stars in DDO210 belong, is not clumped in the 
middle of DDO210, but is instead offset a few arcmins to 



the east. This is easily visible from the top right panel. 
Since a few young stars contribute far more light than many 
older stars, the optical emission is biased towards tracing 
this population, rather than the majority older population. 
It is interesting to note that the highest density of young 
stars occurs at a point where there is a slight 'dent' in the 
HI contours, perhaps suggesting that some event caused the 
gas to be asymmetrically compressed, triggering off-center 
star formation. Alternatively, the off-center star formation 
may be due to recently captured gas, which has not be- 
come fully virialised. Finally, we also note that the stellar 
component of DDO210 is significantly more extended that 
suggested by the optical image, and effectively extends out 
as far as the HI. 



5 DISCUSSION: IS THIS THE DAWNING OF 
THE AGE OF AQUARIUS? 

DDO210 is dominated by an intermediate age stellar popu- 
lation. In this respect, it resembles Leo A, another relatively 
isolated Local Group galaxy which has been shown to con- 
sist of a predominan tly young (< 2 Gyr) stellar population 
jTolstov et aljll998l) . Leo A is located ~ 690 kpc from the 
MW iMateoll99^. and it is conceivable that it is on a highly 
radial orbit around the MW. Interactions may have affected 
its SFH. In particular, the presence of RR Lyrae stars in 
Leo A shows that it has an old component, and may well 
have had ongoing, low-level, star formation until a few Gyr 
ago, when the star formation rate increased. This may have 
been brought on by a close encounter with the MW which 
triggered enhanced star formation. 

DDO210, on the other hand, is even more isolated than 
Leo A, and external tidal effects from the MW and M31 
cannot have played a significant role in its evolution (Equa- 
tion 0. Interactions are not likely to have affected its ob- 
servable properties, and so its unusual SFH must be ex- 
plained without recourse to interactions. The total mass of 
DDO210 is important to consider as well, since its circu- 
lar velocity is ~ 16kms~^, implying a mass of ~ 10'^-^ Mo 
jBegum fc Chengaluill2004l) . DDO210 is an intrinsically low 
mass galaxy which has not interacted with large masses, and 
yet it did not form most of its stars until ~ 4 Gyr ago. 

What seems clear is that DDO210 must have accreted 
its gas prior to reionisation, since it is far too low mass 
to successfully accrete gas post-reionisation. Since the virial 
temperature of DDO210's halo will not have been vastly 
higher than the temperature of the accreted gas, the gas will 
probably have remained in a relatively diffuse configuration 
in the dark matter halo. What star formation occurred at 
these early times (if any) will have been small and will have 
been confined to localised gaseous overdensities, rather than 
acting on a global scale. Deeper observations are required 
to determine the exact fraction of old stars in this galaxy. 
Since the gas never really collapsed all the way to the center 
of this system, then a bona-fide disk will not have had a 
chance to form. This would explain why we, along with oth- 
ers, conclude that it is unlikely that the dominant structure 
in DDO210 is a disk. 

Why are most stars intermediate age? It could be that 
DDO210 continued to accrete mass (but not gas) post- 
reionisation, such that eventually the gas collapsed suffi- 
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ciently that star formation proceeded at a reasonable rate 
and formed the dominant intermediate age component. Al- 
ternatively, it may be that the gas eventually collapsed suf- 
ficiently without the overall mass of DDO210 increasing, ei- 
ther through random perturbations or via normal cooling 
mechanisms. 

The above is, of course, speculation, but a scenario such 
as this seems plausible given our results and the current 
cosmological paradigm. As well as the dominant interme- 
diate age population, however, the recent SFH of DDO210 
is also unusual. The curr ent SFR in DDO210 is basically 
zero (< 0.000003 M© vr~ Mvan Zee et al.lll997HYoung et all 
|20o3), even although this galaxy was forming stars as re- 
cently as a few tens of Myrs ago. We quantify this appar- 
ent inconsistency by assuming DDO210 has formed all of 
its young stars within the past 500 Myrs. We compare the 
number of young stars observed in the colour - magnitude 
range {V — I) < 0.5, I < 24.3 mags with the correspond- 
ing number in an lAC-STAR simulation, convolved with 
our error distribution, which has a constant SFR over the 
last 500 Myrs. In order to match the number of young stars 
observed, the average SFR over the last 500 Myrs must be 
^ 0.0002 Mq yr~^ ie. nearly two orders of magnitude larger 
than the derived upper limit on the current SFR. It could 
be that the recent SFH of DDO210 is best characterised by 
a very low, relatively constant SFR, interrupted by periods 
of inactivity. This 'gasping' star formation scenario has al- 
rea dy been implied for several other Local Group galaxies 
(eg.l^sTeTantlii^). 

The young stars in DDO210 are not centered in the 
middle of the galaxy, but are offset a few arcmins to the 
east. This location is coincident with a slight dent in the 
HI, and perhaps suggests that some recent event, such as 
an interaction, could have triggered off-center star forma- 
tion in this galaxy (although what could have interacted 
with DDO210 is a mystery!). Alternatively, the off-center 
star formation may be due to recently captured gas, which 
has not yet become fully virialised. The fact that the young 
stars are still clumped on a scale of ~ 1 arcmin (~ 0.3 kpc) 
suggests that they were probably born with a relatively 
small velocity dispersion ( a ~ 3 — 6kms^^). We note that 
iDohm- Palmer et alJ (120021) showed that the recent star for- 
mation in Sextans A was not confined to the center of the 
galaxy, and seemed to migrate with time. They argued that 
star formation in one part of a cloud could cause star forma- 
tion in another part of the cloud, by triggering instabilities 
in the gas. In this case, no interactions would be required to 
explain the spatial location of the young stars, which would 
reconcile our finding with the splendid isolation of DDO210. 

Finally, we note that the presence of a spatially ex- 
tended intermediate age population and a centrally con- 
centrated young population is compelling evidence for the 
presence of multiple structural components in DDO210. The 
systematic change in ellipticity of DDO210 as a function of 
radius supports this claim. These findings provide yet more 
evidence that dwarf galaxies are not simple single compo- 
nent stellar systems (eg . Sculptor. iTolstov et al.l20o3 L eo A, 
IVansevicius et al.ll2004l: NGC6822lDemers et al.ll2005l: An- 
dromeda II. iMcConnachie fc Irwinll200d) . 



6 SUMMARY 

We have used deep VI imaging from the Subaru Suprime- 
Cam wide field camera, and BR imaging from VLT FORSl, 
to analyse the stellar content, SFH and structural properties 
of the low mass, isolated. Local Group transition-type dwarf 
galaxy DDO210. We confirm the distance modulus of this 
galaxy to be (m — M)^ = 25.15 ± 0.08 mags. Main sequence 
and blue loop stars are consistent with having formed within 
the past 60 Myrs, whereas the luminosity of the brightest 
AGB stars show that this galaxy must have been forming 
stars within the past 3 — 6 Gyr. This is consistent with the 
age estimate derived from the mean 7-band magnitude of the 
red clump, which shows that the majority of stars have an 
average age of 4lj Gyr. From the shape of the red clump, we 
estimate that any contribution from stars with ages > 7 Gyr, 
if present at all, cannot amount to more than 20—30%. We 
discuss the implications of this rather unusual SFH within 
the cosmological context of dwarf galaxies. In this respect, 
DDO210 provides a useful insight into star formation in low 
mass haloes, since tidal effects cannot have affected the evo- 
lution of this isolated system. 

The young stars in DDO210 have a different radial dis- 
tribution to the intermediate age population, and are offset 
to the east of this older population. When compared with the 
spatial distribution of HI, we find that the highest density 
of young stars is coincident with an apparent 'dent' in the 
HI contours. In addition, the strong difference in the radial 
distribution of the intermediate age stars compared with the 
centrally concentrated young population, supports the idea 
that DDO210 consists of multiple structural components. 
Clearly, dwarf galaxies are not simple stellar systems. 
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